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We report on superconducting (SC) characteristics for the oxygen-reduced Cu-based five-
layered high-temperature superconductor (Cu,C)Ba2Ca4Cu5Oy(Cu-1245(OPT)), which in-
cludes pyramidal outer planes (OPs) and square inner planes (IPs). As a result of a reduction
in the carrier density, the superconductivity for Cu-1245(OPT) occurs at the nearly optimally
doped OPs with Tc= 98 K. The onset of static antiferromagnetic (AFM) order at IPs is ev-
idenced from the observation of zero-field Cu NMR at low temperatures, although the SC
transition at OPs emerges below Tc=98 K. A disorder, which is actually mapped onto the
underdoped IPs, is demonstrated to cause a quantum phase transition from AFM metal to
insulating state in an underdoped regime. This finding reinforces that an AFM metallic phase
exists between the AFM insulating phase and the SC phase for the ideally flat CuO2 plane
without disorder, as reported for the IPs in optimally doped Hg-1245 with the same doping
level as in Cu-1245(OPT).
KEYWORDS: multilayered cuprate, antiferromagnetism, superconductivity, disorder, NMR
The possible coexistence of antiferromagnetism and
high-Tc superconductivity (HTSC) remains as one of the
most interesting problems in high-Tc cuprates and will
allow us to gain insight into the origin of HTSC.1–10)
Multilayered high-Tc cuprates, which have more than
three CuO2 planes in a unit cell, exhibit unique magnetic
and superconducting (SC) properties. They include two
types of CuO2 planes, an outer CuO2 plane (OP) in a
five-fold pyramidal coordination and an inner plane (IP)
in a four-fold square coordination. The unusual magnetic
and SC characteristics in Hg- and Cu-based multilayered
high-Tc cuprates have been studied through
63Cu-NMR
measurements;11–14) (i) The ideal flatness of CuO2 planes
with homogeneously doped carriers, which is ensured by
the very narrow Cu-NMR linewidth, is one of the key
features that distinguish the multilayered cuprates from
other cuprates like La2−xSrxCuO4(LSCO). (ii) The dop-
ing level at OP Nh(OP) is larger than Nh(IP) at the
IP for all systems11) and its difference ∆Nh = Nh(OP)-
Nh(IP) increases as either the total carrier content or the
number of CuO2 planes increases.
12) (iii) In five-layered
optimally doped HgBa2Ca4Cu5Oy(Hg-1245(OPT)), the
two optimally doped OPs are predominantly supercon-
ducting below Tc = 108 K, whereas the three underdoped
IPs show antiferromagnetic (AFM) metallic behavior be-
low TN = 60 K, realizing the coexistence of an AFM
phase and a SC phase in a unit cell.13) (iv) The first mi-
croscopic evidence for the uniform mixing of both phases
on a single CuO2 plane has been reported in very under-
dope Hg-1245(UD) with TN = 290 K and Tc = 72 K.
14)
The superconductivity with a high Tc value surprisingly
survives with the metallic AFM order in the multilay-
ered cuprates, and has stimulated theoretical works on
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the intimate interplay between both phases.15)
In the previous work on an as-prepared sample of
(Cu,C)Ba2Ca4Cu5Oy(Cu-1245(OVD)) with Tc = 90 K,
the Cu-NMR study revealed that the optimally doped
IP (Nh(IP) ≈ 0.17) is responsible for the onset of su-
perconductivity at 90 K, whereas the bulk supercon-
ductivity anomaly does not emerge at the overdoped
OP(Nh(OP) ≈ 0.28) until 65 K, indicating that the IPs
play a primary role in the onset of superconductivity at
90 K.12) The AFM order has never been observed in the
as-prepared Cu-1245(OVD) because it tends to be heav-
ily overdoped.11, 12) By contrast, a static AFM order was
evidenced in the as-prepared samples of Hg-1245 and Tl-
1245, which are optimally doped and slightly overdoped,
respectively.13, 14) Thus, Cu-1245 systems provide a good
opportunity to study the phase diagram of a flat CuO2
plane from the underdoped region to overdoped region.
In this letter, we report a Cu-NMR study on oxygen-
reduced Cu-1245(OPT), where the carrier density at
both OP and IP is smaller than in the as-prepared Cu-
1245(OVD).We demonstrate that a disorder effect makes
carriers localize and eventually drives a quantum phase
transition from an AFM metal to an insulating state.
Polycrystalline samples of Cu-1245 were prepared by
high-pressure synthesis.16, 17) To reduce the carrier den-
sity in Cu-1245(OVD), the sample was annealed in N2
gas atmosphere at 525◦C for 12 h. Tc=98 K for deox-
idized Cu-1245(OPT) is determined by the onset of a
sharp diamagnetic response observed by dc-susceptibility
measurement, which is higher than Tc =90 K for Cu-
1245(OVD). From X-ray diffraction, the powdered sam-
ple was confirmed to consist of almost a single phase,
whereas dc susceptibility indicated that a small fraction
of higher-Tc phase is included (∼5%). The
63Cu-NMR
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Fig. 1. (color online) (a) Crystal structure of Cu-1245. (b) Typi-
cal 63Cu-NMR spectra of Cu-1245(OPT) together with those of
the as-prepared samples of Cu-1245(OVD) and Hg-1245(OPT).
In Cu-1245 systems, there are two Cu sites at OP, since the Cu
at the charge reservoir layer is partially substituted by carbon.
measurement was performed at 174.2 MHz in the field
perpendicular to the c-axis and in a T range of 10 - 300
K.
As shown in Fig. 1(b), the 63Cu-NMR spectra for IPs
and OPs are separately observed for Cu-1245(OPT) as
well as for other multilayered cuprates.11–13) In particu-
lar, in Cu-1245 systems, there are two Cu sites at OP, de-
noted by OP(C) and OP(Cu), since the Cu at the charge
reservoir layer is partially substituted by carbon. The
NMR intensity ratio of OP(C) to OP(Cu) (see the middle
spectrum of Fig. 1(b)) suggests that approximately 40%
of the Cu at the charge reservoir layer is substituted by
carbon. The three peaks for the middle NMR spectrum
in Fig. 1(b) are distinguished by the difference in electric
quadrupole frequency νQ:
63νQ(IP),
63νQ(OP(Cu)) and
63νQ(OP(C)) are estimated to be 9.5, 13.7 and 29.2 MHz
in Cu-1245(OVD), respectively, by analyzing the field de-
pendence of the NMR spectra. Each NMR spectral width
in Cu-1245(OPT) is approximately 100 Oe for the IP, 260
Oe for OP(Cu) and 380 Oe for OP(C) at high tempera-
tures, which are about two times larger than those of the
as-prepared samples. This result demonstrates that the
disordered potential due to the deficiency of oxygen at
the charge reservoir layers is actually mapped onto the
IPs in deoxidized Cu-1245(OVD).
Knight shift was determined from the central peak
(−1/2 ⇔ +1/2 transition) in the 63Cu-NMR spectrum.
The Knight shift consists of the orbital part (Korb) and
the spin part (Ks); Kα = Ks,α + Korb,α(α =⊥, ‖).
Figure 2(a) shows the temperature (T ) dependence of
Ks,⊥(T ) of the OP for H ⊥ c, together with that of Cu-
1245(OVD). Here we assumed Korb,⊥(OP) to be 0.21%
using the value for Cu-1245(OVD). Ks at the OP de-
creases below 160 K, which is higher than Tc = 98 K,
suggesting the existence of a pseudogap below T ∗ ∼ 160
K. The local carrier density at OP (Nh(OP)) is estimated
Fig. 2. (a) Temperature dependence of Ks,⊥ of the OP at
the field perpendicular to the c-axis for deoxidized Cu-
1245(OPT) and as-prepared Cu-1245(OVD).12) (b) T depen-
dence of dKs,⊥(OP)/dT for both samples. Tc at each CuO2 plane
was determined from the maximum in dKs,⊥(OP)/dT vs T plots.
using the systematic experimental relation between Nh
and Ks,⊥ at room temperature.
12) Nh(OP) is estimated
to be ∼0.18, which indicates that the OP is optimally
doped. For the IP, Ks at IP cannot be precisely deter-
mined owing to the disappearance of NMR spectra below
T ∼170 K associated with the development of AFM cor-
relation. The increase in Ks,⊥(OP) below ∼60 K may be
relevant to the onset of AFM order at the IP as well as
for Hg-1245(OPT).13) It is evident that the carrier den-
sity at both the IP and the OP is successfully decreased
by reducing oxygen via annealing in N2 gas atmosphere.
Tc at each CuO2 plane was determined from the max-
imum of the derivatives of Ks,⊥ against T , dKs,⊥/dT .
Figure 2(b) shows the T dependence of dKs,⊥/dT , to-
gether with that of Cu-1245(OVD). It has a maximum at
approximately Tc=98 K. This indicates that the nearly
optimally doped OP is responsible for the bulk super-
conductivity, By contrast, the superconductivity at the
overdoped OP for Cu-1245(OVD) is parasitic down to 65
K under the onset of bulk superconductivity below 90 K
at the nearly optimally doped IPs. This gives evidence
that optimally doping carriers into either the OP or the
IP determines its bulk Tc in the multilayered cuprates.
The onset of AFM order is suggested from the disap-
pearance of NMR spectra at the IP below T ∼170 K as
well as for Hg-1245(OPT). This is because the carrier
densities for both are comparable to one another. The
observation of NMR spectra at zero magnetic field en-
ables us to determine the magnetic ground state, since
magnetically ordered moments induce a large internal
field (Hint) at nuclear sites. Figure 3(a) shows zero-field
(ZF) Cu-NMR spectra at 1.5 K for Cu-1245(OPT). Un-
expectedly, they consist of discrete resonance peaks over
a wide frequency range. The spectra above and below 50
MHz are identified as arising from the Cu sites at the
IP and the OP, respectively. They are markedly different
from those of the IPs in optimally doped Hg-1245(OPT)
and underdoped Hg-1245(UD), which are shown in the
bottom and the top of Fig. 4, respectively. Note that
the carrier density at the IP in Cu-1245(OPT) is com-
parable to that in Hg-1245(OPT). We explain the dis-
crete NMR spectra of the IPs in terms of a carrier-
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Fig. 3. (color online) (a) Cu-NMR spectra at 1.5K and zero mag-
netic field for Cu-1245(OPT). Each discrete peak above 50 MHz
arises from IPs, which is qualitatively explained by a carrier-
localization model. The red curve is a simulated spectrum for the
case that the carrier of Nh ∼6% is distributed randomly. Each
peak below 50 MHz arises from OP(Cu) and OP(C). The sets
of solid and broken arrows correspond to 63Cu- and 65Cu-NMR
spectra, respectively. (b) Illustration of possible distribution pat-
terns of localized carriers at low temperatures.
localization model, which is described by the discrete
values of Hint. These observed resonance frequencies
are given by f
(i)
res = (γN/2pi)H
(i)
int = (γN/2pi)|A
(i)
hf |MAF,
where γN is the nuclear gyromagnetic ratio, A
(i)
hf is the
hyperfine coupling constant, and MAF is the AFM mo-
ment. We consider several possible distribution patterns
of the localized carriers, which are shown in Fig. 3(b).
Here internal fields are calculated as follows: (−4B)MAF,
(A− 4B)MAF, (−3B)MAF, (A− 3B)MAF, (−2B)MAF,
and (A − 2B)MAF. A and B are the on-site hyperfine
field and the supertransferred hyperfine field from the
four nearest-neighboring Cu sites, respectively, and are
assumed to be A ∼ 37kOe/µB and B ∼ 61kOe/µB,
which are the same values as those in Hg-1245 sys-
tems.14) MAF is assumed to be 0.66µB, which is almost
the same as that in a nearly nondoped CuO2 plane.
14)
Actually, each resonance peak is qualitatively reproduced
by this simple model, as indicated by the arrows in Fig.
3(a). The curve in the figure is a simulated spectrum
for the case that doped holes with Nh ∼6% are dis-
tributed randomly, assuming the same carrier density as
that in Hg-1245(OPT). Note that the error in Nh is less
than 2% when taking account of the ambiguity of the
intensity, particularly for the case of widely distributed
NMR spectra. The NMR intensities are larger than those
shown by the simulated curve for the resonances with
H
(i)
int = (−3B)MAF and (−2B)MAF, where two or more
holes are gathered. This fact implies that two or more
holes tend to become attractive at low temperatures even
though carrier density is very low. In addition, each reso-
nance peak in this spectrum is significantly broader than
for the others, as shown in Fig. 4. This suggests that the
carriers are holes doped on the oxygen 2p states, which
hybridize with the nearest Cu-3dx2−y2 state. In this case,
if holes at oxygen sites are localized, their surrounding
Cu spins are reduced owing to the d-p hybridization, re-
sulting in the NMR spectrum of Cu-1245(OPT) being
broader than for the Hg-1245(OPT) and Hg-1245(UD).
Fig. 4. (color online) Comparison of ZF-Cu-NMR spectra for IPs
at 1.5 K in Cu-1245(OPT) with those in Hg-1245(OPT)13) and
Hg-1245(UD).14) Right figures schematically indicate the state
at each layer for three compounds.
The magnetic state at the IPs in Cu-1245(OPT) is an
AFM insulating state, which contrasts with the AFM
metal with reduced AFM moments 0.3-0.37µB in Hg-
1245(OPT).14) This difference comes from the disorder
effect mapped on the IPs due to the deficient oxygen at
the charge reservoir layers in Cu-1245(OPT), as corrob-
orated by the comparison of the Cu-NMR spectral width
with those of as-prepared samples, which are shown in
Fig. 1(b). As a result, the carriers are localized owing
to the Anderson-localization mechanism, since a small
amount of carriers are doped into two-dimensional IPs
near the metal-insulator transition. The carrier localiza-
tion in the AFM metallic state has also been observed
in the four-layered cuprates Ba2Ca3Cu4O8(O1−yFy)2,
where the apical oxygen (O2−) at the OP is partially
substituted by fluorine (F−).18) In this context, a rea-
son why the IPs for Hg-1245(OPT) with Tc = 108 K
and TN = 60 K maintains the uniformly reduced AFM
moment of 0.3-0.37µB is that the AFM metallic state is
realized down to 1.5 K. In Cu-1245(OPT) with a nearly
equal doping level Nh ∼ 6 % to that in Hg-1245(OPT),
however, the disorder mapped on the IPs from either the
charge reservoir layers or the OP makes carriers localize
at low temperatures, causing the disorder-driven quan-
tum phase transition from an AFM metal to an insulat-
ing state. We note furthermore that in the case of oxygen-
reduced Hg-1245(UD),14) a thorough re-examination of
the ZF Cu-NMR spectra at 1.5 K revealed that there
were no other resonance peaks except for ones arising
from the Cu sites with (A−4B)MAF, as shown in Fig. 4.
This ensures that the IPs in Hg-1245(UD) with Tc = 72
K and TN=290 K are almost nondoped. Consequently,
these findings reinforce the fact that the AFM metallic
phase exists between the AFM insulating state and the
SC state for an ideally flat CuO2 plane without disorder
(see Fig. 5). Furthermore, since the disorder effect is in-
evitable because of the chemical substitution introduced
into the out-of-planes in LSCO, it is likely that the spin-
glass phase emerging in the range 0.02 < Nh < 0.05 is
caused by disorder.
For the OP for Cu-1245(OPT), the Cu-NMR spec-
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tra at zero field for OP(Cu) and OP(C) are split into
two segregated peaks around respective 63νQ(OP(Cu))
and 63νQ(OP(C)), respectively owing to the presence of
a small Hint ∼0.34 T for both, as shown in Fig. 3(a).
This is comparable to Hint ∼ 0.54 T for the OP of Hg-
1245(OPT), which has been explained by the proximity
effect of the AFM-ordered IPs.13) Tc(OP) for Cu-1245
(OPT) is plotted in the phase diagram of Fig. 5 as a
function of local carrier density at a CuO2 plane together
with Tc(OP, IP) for Cu-1245(OVD).
Fig. 5. (color online)(a) Phase diagram for various five-layered
HTSCs. Here we denote the AFM insulator and metal phases
as AFMI and AFMM, respectively. T ∗ is the pseudogap tem-
perature deduced from a decrease in 1/T1T (solid stars) and Ks
(open star). Panel (b) shows the variation in size of the AFM
ordered moment MAF as a function of hole density. This phase
diagram is revised from the previous report.14)
Finally, we deal with the pseudogap behavior in the
multilayered cuprates. A pseudogap temperature T ∗, be-
low which 1/T1T starts to decrease, is plotted in Fig.
5(a) for the OP in Hg-1245(OPT) and the IP in Cu-
1245(OVD).13) Ks at the OP in Cu-1245(OPT) decreases
below 160 K, suggesting the existence of a pseudogap
below T ∗ ∼ 160 K. In the overdoped region, a pseu-
dogap is not observed for the OP in Tl-1245(OVD).
On the other hand, for the heavily underdoped IPs in
Hg-1245(OPT) and Tl-1245(OVD), 1/T1T does not ex-
hibit any sign of pseudogap behavior,13) but instead,
the development of low-energy spin excitations prevents
us from observing the Cu-NMR spectra, and as a re-
sult, the AFM order takes place. In this context, the
pseudogap behavior observed in the NMR experiments
may be intimately related to superconducting fluctua-
tions where SC-phase coherence remains finite,19) which
differs from the pseudogap behavior observed in the one-
particle spectral weight probed by ARPES.20, 21)
Through the systematic studies on the multilayered
cuprates, one of the surprises is why Cu-1245(OPT)
maintains a high Tc value of 98 K, even though the
AFM insulating IPs are inserted into the superconduct-
ing OPs. Tc = 98 K for Cu-1245(OPT) is higher than
Tc = 90 K for Cu-1245(OVD) after the deoxidization of
Cu-1245(OVD) whose IPs and OPs are both supercon-
ducting. This implies that Tc is determined by a doping
level at a single layer, regardless of what occurs in the
nearest-neighboring planes, which are distant in atomic
scales. By coincidence, Tc=98 K for Cu-1245(OPT) is
the same as that for single-layered Hg-1201,22) suggest-
ing that a single optimally doped flat CuO2 plane shows
HTSC up to approximately 100 K.
In conclusion, we have investigated the superconduct-
ing characteristics for the oxygen-reduced Cu-based five-
layered high-Tc cuprates Cu-1245(OPT), and compared
them with those for the previously reported five-layered
cuprates. It has been revealed that bulk superconduc-
tivity occurs at the nearly optimally doped OP with
Tc=98 K. This contrasts with the superconductivity for
the heavily overdoped Cu-1245(OVD), which emerges at
the optimally doped IP with Tc = 90 K. This gives ev-
idence that optimally doping carriers into either the IP
or the OP determines its bulk Tc in the multilayered
cuprates. The ZF-NMR experiments revealed that the
static AFM order at the IPs in Cu-1245(OPT) is caused
by the localization of holes due to the disorder effect, al-
though the SC transition takes place at OPs below Tc=98
K. This is in remarkable contrast with the AFM metallic
phase in Hg-1245(OPT) with the same doping level as
that in Cu-1245(OPT). This finding reinforces the fact
that the AFM metallic phase exists between the AFM in-
sulating state and the SC state for an ideally flat CuO2
plane without disorder.
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